In Brief
INTRODUCTION
The nervous systems of higher animals have an astonishing diversity of neurons. Yet, a small number of transcription factors are needed to generate and determine the identity of neurons. An even smaller subset called basic-Helix-Loop-Helix (bHLH) proneural proteins are the key initiators and regulators of generation of neurons from early neural progenitors (Bertrand et al., 2002; . The Drosophila Achaete-Scute Complex (AS-C) genes are necessary and sufficient for the specification of peripheral nervous system (PNS) sensory organ precursors from neuroectodermal cells (Campuzano and Modolell, 1992; Ghysen and Dambly-Chaudiere, 1989; Jan and Jan, 1994) , while the Atonal (Ato) protein (Jarman et al., 1993) is the proneural factor of the fly neural retina (Jarman et al., 1994 (Jarman et al., , 1995 . In the mammalian cortex and spinal cord bHLH proneural proteins such as Achaete-Scute homolog 1 (Ash1) and Neurogenin 2 (Ngn2) regulate the proneural transition (Casarosa et al., 1999; Fode et al., 1998; Ma et al., 1998) . Mammalian Atonal homolog 1 (Atoh1/Math1) is required for the generation of granule neurons of the cerebellum from midbrain progenitors (Ben-Arie et al., 1997) . A second homolog, Atoh7/Math5, is required for the formation of retinal ganglion cells from retinal progenitors (Brown et al., 1998; Wang et al., 2001) . The conservation of Ato function across species is highlighted by the rescue of Atoh1-null mice by Ato (Wang et al., 2002) . What remains unclear in all these systems is how the precise spatiotemporal pattern of proneural activity is regulated and how it contributes to neural specification. Furthermore, proneural proteins are expressed very transiently during early neurogenesis. How does a small set of proteins with a very short burst of expression underlie the generation of a large number and diversity of neurons? What are the causes and consequences of this short burst of (legend continued on next page) expression? And finally, is there a general mechanism that applies to all nervous systems? Studies in Drosophila and mouse have shown that the expression of proneural proteins begins at low levels in equivalent pluripotent progenitors and ramps up through auto-activation. Subsequently Notch-mediated lateral inhibition selects one of these progenitors to become a committed neural precursor that produces a diversity of neurons. This precursor elevates proneural gene expression first and then quickly extinguishes it. Thus, there are two general features of proneural protein activity: amplitude and duration. The increase in expression amplitude is easy to explain by auto-activation. However, amplitude increase places a constraint on duration. How does an auto-activating protein disappear at the peak of its expression? This suggests the existence of an unknown mechanism that overrides auto-activation and allows the synchronization of the amplitude and duration of expression. Conservation of the temporal sequence of proneural expression suggests an intrinsic feature common to all proneural proteins.
The Drosophila retina is a powerful system to dissect the quantitative control of proneural protein expression at high cellular and mechanistic resolution (Kumar, 2010; Quan et al., 2012; Rister et al., 2013) . Neurogenesis in the retina begins when a wave of cell-fate specification (Wolff and Ready, 1991) sweeps across the developing eye primordium. The proneural protein Ato controls the switch from progenitors to photoreceptor neurons (Jarman et al., 1994 (Jarman et al., , 1995 . Both Ato protein and mRNA are thought to be transiently expressed in retinal progenitors and committed precursors. Subsequently, lateral inhibition selects a single precursor that differentiates into the first photoreceptor neuron called R8. The nascent R8 secretes the Drosophila Epidermal Growth Factor (EGF) Spitz, which activates the EGF Receptor (EGFR) in neighboring precursors transforming them into photoreceptor neurons (Freeman, 1994; Tio et al., 1994) . Each R8 cell will eventually be surrounded by seven other neurons (R1-R7).
In the mouse cortex, neural progenitors give rise to a temporal sequence of neurons that migrate and arrange themselves in layers from deep to superficial. Early born neurons reside in the deep layers and express markers such as Tbr1, while lateborn neurons inhabit more superficial layers and express markers such as Crux1. Like in Drosophila, the transition from neural progenitors to neurons is governed by the activity of proneural proteins, notably Ngn2 (Nieto et al., 2001) .
We report the discovery of a deeply conserved Serine (Ser)/ Threonine (Thr) residue within the bHLH domain of proneural proteins. The phosphorylation of this residue is a binary switch for the activity of all three proneural protein classes, Ato, Ngn, and Achaete-Scute (Ac-Sc). Using mouse and fly models, we show that phosphorylation of this residue inactivates proneural proteins. Structural modeling and biochemical analyses suggest that this is due to interference of the phospho-group with DNA binding. Genome editing of Drosophila ato shows that inhibiting the phosphorylation of the Ato Ser changes protein activity dynamics causing quantitative changes in the expression of target genes. This, in turn, interferes with signaling between nascent neurons with profound consequences for neuronal number and diversity. Strikingly, even a subtle change from Ser to Thr causes highly specific alterations in Ato dynamics and neuronal-fate specification. This work uncovers a conserved post-translational mechanism for regulating neurogenesis.
RESULTS
A Conserved Phosphorylation Site Regulates Proneural Activity Proneural proteins engage in a positive feedback loop (Figure 1A) , but their expression is kept in check in early neural progenitors by Notch-dependent lateral inhibition. According to current models once an intermediate progenitor is selected Notch repression is alleviated and proneural protein expression peaks due to auto-activation, only to rapidly disappear ( Figures  1A and 1B) . How the auto-activation loop is broken is unknown. Equally unclear is whether transient activity of proneural proteins is important for neurogenesis.
Because all proneural proteins show these activity dynamics, we reasoned that it is an intrinsic property of the proteins themselves. Proneural proteins only share significant homology within the bHLH domain and two motifs containing a few invariant residues appear to account for functional specificity (Quan et al., 2004) . One motif contains a highly conserved putative phosphorylation Ser/Thr residue ( Figure 1C ), located at the junction of the loop domain and the second helix (L-H2 junction).
To test whether this residue can be phosphorylated, in vitro peptides containing the Ser/Thr residue for Ato, Atoh1, and Ngn2 were generated (Figures S1A-S1D) and tested against candidate Ser/Thr kinases. The sequence surrounding the Ser in the Ato and Ac-Sc group proteins resembles a moderate (Ato) or strong (Atoh1, Sc) PKA consensus sequence (NetPhos). All three peptides can be phosphorylated by PKA in vitro, but not when the Ser is replaced by Ala ( Figures S1A-S1C ). The Ngn2 sequence surrounding Thr 149 did not match known kinase consensus sequences. We screened 229 human commercially available Ser/Thr kinases and found that Ngn2 can be most significantly phosphorylated by MARK1 and PLK1 ( Figure S1D ).
To test whether the Ser/Thr residue regulates proneural activity in vivo, we generated both phospho-null (S/T > A) and phospho-mimetic (S/T > D) forms for one representative of each of the different proneural protein classes: Drosophila Scute (Sc) and Ato, and mouse Ngn2. These forms were tested in classical proneural assays in the developing Drosophila wing disc and the developing mouse cortex. All forms of Sc and Ato were transformed into the same genomic locus and multiple transformants tested. As positive controls, wild-type Sc (UAS-Sc) or Ato (UASAto) were expressed along the anterior-posterior axis in the developing wing epithelium (using dpp-Gal4; Figure 1D ) where very few neural precursors are normally specified ( Figure 1E ). This converts epithelial cells into neural precursors (Figures 1F and 1G) marked by the expression of Senseless (Sens; Nolo et al., 2001) . Expression of Sc SA and Ato SA also converted epithelial cells into neural precursors ( Figures 1H and 1I ). In contrast, neither Sc SD nor Ato SD displayed proneural activity ( Figures 1J and 1K ).
Next, we tested the proneural activity of wild-type, phosphonull (T > A), and phospho-mimetic (T > D) forms of Ngn2 in the developing mouse cortex by in utero electroporation of GFP with the three different forms of Ngn2 ( Figures 1L-1U ). Wildtype Ngn2 converts radial glial progenitors into b3-tubulin positive neurons ( Figures 1M and 1R ). Expression of Ngn2
TA results in quantitatively similar proneural activity to the wild-type protein ( Figures 1N, 1S To gain insight into the potential causes of loss of proneural function we examined the position of the Ser/Thr residue in three-dimensional models of the Ato, Sc, Atoh1, and Ngn2 as heterodimers with Da (Sc, Ato) or E47 (Atoh1, Ngn2). Given the absence of atomic structures of these specific complexes, we resorted to constructing homology models using YASARA Structure in complex with DNA, using the structure of the heterodimer between E47 and SCL bound to DNA as a template (PDB: 2YPA, 2.80 Å ; Table  S1 ). These models show that the Ser/Thr residue is located within 10 Å of DNA particularly close to the negatively charged phosphate group in the DNA backbone ( Figure 2A) . Next, the effect of phosphorylation on the free energy of DNA binding by the heterodimers as well as the free energy of heterodimer formation was calculated using the FoldX force field (Schymkowitz et al., 2005) . FoldX analysis predicted that phosphorylation destabilizes the complex with DNA but has no (for Ato, Atoh1, and Ngn2) or a minor (for Sc) negative effects on heterodimer formation ( Figure 2B ), using an error of 0.5 kcal/mol as a significance threshold in the FoldX calculations (>0.5 kcal/mol is destabilizing, < À0.5 kcal/mol is stabilizing). Phosphorylation results in the introduction of a negatively charged and relatively large moiety in close proximity of the DNA backbone phosphate (Figures 2C-2J), which is predicted to induce charge repulsion with DNA as well as Van der Waals clashes, destabilizing the complex between the DNA and the transcription factor by between 1.64 and 6.06 kcal/mol ( Figure 2B ). To test this prediction, we first carried out DNA pull-down assays using biotinylated DNA encoding proneural-specific E-boxes (Klisch et al., 2011) (K and L) In vitro DNA pull-down assay. Daoy cells transfected with either WT or mutant constructs of Atoh1-GFP or Ngn2-Myc. Cells were lysed 24 hr posttransfection and subject to immunoprecipitation with biotinylated DNA containing three Atoh1 E-Box Associated Motif (AtEAM) and agarose beads, followed by SDS-PAGE and immunoblotting with GFP or Myc antibody. Phospho-null proteins bind to the AtEAM, whereas phospho-mimetic proteins show a severe decrease in binding. R158G Atoh1, a DNA-binding mutant, is used as a negative control.
(M) Dual luciferase reporter (DLR) assay using a firefly reporter with a triple AtEAM and a minimal promoter. Transfection of wild-type (WT) Atoh1 activates the reporter by $15-fold. S193A Atoh1 shows slightly decreased activation whereas S193D shows no activation (p < 0.005). Data are presented as mean ± SEM after normalization to negative control (NC; non-transfected . To test whether Ato is phosphorylated on the proneural Ser (S292 in Ato) in vivo, we generated a phosphoAto-S292-specific monoclonal antibody (aAto phospho ) and carried out immunohistochemistry on third-instar larval (L3) eye discs. We find that aAto phospho detects expression in the developing retina initially in a diffuse pattern in the morphogenetic furrow and then in R8 for a few rows ( Figures 3C and 3C 0 ), after Ato expression is reported to be extinguished. aAto phospho is specific because it fails to detect signal in ato knockout clones ( Figures 3D and 3D 0 ; also see Figure 4 below). If Ato phospho persists after R8 selection, why do existing antibodies not detect this form? We reasoned that phosphorylation interferes with these particular antibodies binding to Ato in vivo. We therefore tested a battery of guinea pig antibodies generated previously but never examined in the retina. One of these antibodies (GP49, renamed aAto total ) detects the entire pattern of Ato expression in wild-type, but not knockout tissue ( Figures 3E-3F 0 ). We therefore renamed the existing antibodies as aAto active to denote that they detect the active but not the phosphorylated, putatively inactive, form of the protein.
Next, we sought to test whether Ngn2 is phosphorylated on the conserved Thr in cortical progenitors. IP of endogenous Ngn2 from E14.5 brain cortices showed that Ngn2 is recognized by a p-Thr antibody. Thus, Ngn2 is phosphorylated on one or more Thr residues in vivo ( Figure S2C ). To further test whether Ngn2-T149 is phosphorylated, we electroporated pCIG Ngn2
WT -myc and pCIG Ngn2 TA -myc in E13.5 embryos and performed Ngn2 IP 24 hr later using anti-myc antibodies. Ngn2 WT is recognized by the p-Thr antibody like endogenous Ngn2, while the mutant Ngn2
TA is barely detectable with the same antibody ( Figure S2C ). (Table S2 ; Figure S4 ).
Thus, a phospho-mimetic form of Ato is a strong loss of function allele. homozygous retinae contain some ommatidia of smaller size than others compared with the uniform size seen in controls (Figures 5A , 5C, S6A, and S6C). Quantification of the number of neurons per ommatidium reveals a distribution of cell numbers ranging from two to seven neurons per ommatidium, as opposed to the normal eight in controls ( Figures 5H and 5I ). The number of neurons is determined by a process of recruitment of surrounding cells by R8 into the ommatidial cluster via activation of EGFR signaling. Staining of ato SA-KI retina with antibodies to the double-phospho Mitogen Activated Protein Kinase (MAPK/ dpERK) shows strong reduction in MAPK activation compared to controls (Figures S6E and S6F ). These data suggest that EGFR signaling activity is compromised by the persistence of Ato protein expression. Consistent with this, heterozygosity for egfr in ato SA-KI flies results in strong further reduction of the dpERK signal ( Figure S6G) , and a strong reduction in the number of neurons per ommatidium ( Figures 5B, 5D , 5H, 5I, S6B, and S6D) whereby 70% of ommatidia contain only the R8 cell ( Figure 5I) .
Loss of Phosphorylation Quantitatively Alters Proneural
How does the persistence of Ato active negatively regulate EGFR signaling upstream of MAPK? Ato may inappropriately elevate the expression of target genes that then negatively regulate EGFR activity. We first verified that the ato SA-KI activates all known Ato target enhancers in the retina in vivo, in contrast to ato SD-KI ( Figure S4 ). We have previously identified several direct target genes of Ato (Aerts et al., 2010) including the cell adhesion molecule Fasciclin 2 (Fas2), whereby Ato upregulates Fas2 expression within the furrow (Aerts et al., 2010) . Fas2 expression is then downregulated, but not lost, posterior to the furrow (Mao and Freeman, 2009 ) coincident with Ato inactivation. Fas2 is described as a quantitative inhibitor of EGFR activity during retinal development (Mao and Freeman, 2009 Figure S6H ) and photoreceptor numbers ( Figure 5I ) including a few ommatidia with the full complement of eight neurons ( Figures 5H and 5I ). In contrast, reducing the function of Dscam, also a cell adhesion molecule and target of Ato (Aerts et al., 2010) , does not rescue ato SA-KI defects ( Figures 5G-5I ). Thus far, our data suggest a model whereby loss of phosphorylation results in abnormally prolonged proneural activity. Paradoxically, ectopic proneural activity results in inhibition of neuronal recruitment, at least in part, due to dysregulation of Ato target gene expression, such as Fas2, and the consequent interference with cellular signaling, including the EGFR pathway ( Figure 5J ).
Tampering with Atonal Activity Dynamics Alters Neuronal Fate
Timely inactivation of Ato by phosphorylation on S292 is essential for the proper quantitative regulation of target gene expression and the generation of the correct number of neurons. We asked whether the neurons that are generated in ato SA-KI animals are correctly specified. ato SA-KI retinae were examined for various fate markers. In wild-type and ato WT-KI control retinae, the R2/5 neurons express Rough (Ro), while R3/4 and R1/R6 express Seven-Up (Svp). Ro is initially expressed by R8 precursors as well, but is rapidly lost (Figures 6A and 6B) (Frankfort et al., 2001; Heberlein et al., 1991) . Similarly, Sens and Svp expression are mutually exclusive ( Figures 6A and 6D ). In addition, each wild-type and control ommatidium contains a single Prospero (Pros) positive R7 neuron (Charlton-Perkins et al., 2011; Cook et al., 2003) (Figures 6A, 6F Figures 6H and 6L , arrows) and R7 duplications (yellow circle) and triplications (white circle) (Figures 6I and 6M) . To test whether the temporal persistence of Ato expression is sufficient to cause cell-fate defects, the three forms of Ato (WT, SA, and SD) were misexpressed using either an anterior driver (eyGal4) or a posterior driver (Gal4-7) ( Figures  6N-6S) Figure S7A ), rather than later-born Cux1 + upper-layer neurons ( Figure S7B ), a fate change that is consistent with precocious differentiation observed at early time point (E13.5-E14.5). In contrast, Ngn2 TD produced a similar proportion of late-born Cux1 + upper-layer neurons as in controls.
Phosphorylation Site Specificity Is Crucial for Activity Dynamics and Neuronal Fate
In vertebrates, the Ato-related Neurogenin (Ngn) proteins are required for the progenitor-to-neuron transition in a variety of lineages (Bertrand et al., 2002; Korzh and Strä hle, 2002; Ma et al., 2008) . Curiously, while Ato class proteins have an invariant Ser as the proneural phosphorylation site, Ngn proteins have an invariant Thr ( Figure 7A ). Although this is considered a very conservative substitution, it is intriguing that no known Ato protein contains a Thr at this position. We generated a Ser-to-Thr (ato ST-KI ) knockin fly. ato ST-KI flies are viable and fertile and show no obvious gross eye defects ( Figures 7B and 7C) , further confirming that this is a phosphorylation site. At the protein level, this change is predicted not to interfere with heterodimer formation, but to cause a slight, non-significant, increase (À0.29 kcal/ mol) in DNA binding ( Figures 7D-7G ). Careful examination of Ato expression shows that active Ato (as detected by aAto active )
persists at low levels within the R8 for several rows ( Figures 7H-7K) . Examination of the eye disc with Sens and Elav shows no large-scale defects in neuronal fate. However, detailed examination shows that ato ST-KI ommatidia almost always contain two Pros + neurons instead of one ( Figures 7L-7O 000 ).
DISCUSSION
We discovered a conserved post-translational switch regulating neurogenesis via the precise spatiotemporal control of proneural transcription factor activity. Using the fruit fly developing retina to dissect this mechanism, our data suggest a model whereby the proneural protein Ato is efficiently inactivated by phosphorylation of a single binary switch amino acid, creating a sharp spatial and temporal activity gradient. We are unable to detect any activity for phospho-mimetic forms of Ato and Ngn2 in proneural assays. However, we cannot completely rule out that the phospho forms have a function not related to DNA binding or proneural activity. Several less conserved phosphorylation sites outside the bHLH domain of different proneural proteins have been identified (Ali et al., 2011; Hand et al., 2005; Li et al., 2012; Ma et al., 2008; Takebayashi et al., 1997; Yang et al., 2012) . These sites have been proposed to alter proneural protein stability and interaction with putative partners, but very few have been directly tested at endogenous levels in vivo. Interestingly, based on biochemical analyses in vitro, it was proposed that phosphorylation of the proneural Ser in mouse Achaete-Scute homolog 1 (Mash1 S152) stabilizes it and increases Mash1/E47 heterodimer formation and consequently DNA binding and target gene activation (Viñ als et al., 2004) . Crucially, however, a phospho-mimetic form was not tested in that study, and effects on proneural activity were not assessed. In contrast, we show that phosphorylation inactivates proneural proteins and inhibits target gene expression. Although we analyzed Sc and not Mash1, we believe the discrepancy stems from the lack of analysis of phospho-mimetic isoforms of Mash1 and lack of in vivo analysis in the previous study, rather than a specific divergence of Mash1 compared to Sc, Ato, Atoh1, and Ngn2.
Our data suggest that all classes of proneural proteins are regulated by the phosphorylation of the exact same residue. The conservation of this effect is explained by the position of the Ser and Thr residues in the three-dimensional structure of the proneural heterodimer where it faces the phosphate groups of the DNA backbone. Phosphorylation of this residue creates repulsive electrostatic interactions with DNA increasing the energy required for DNA binding. This explains why the phospho-mimetic forms are essentially proneural-null mutants and how this modification acts as a binary switch. Interestingly, inhibiting an all-or-nothing proneural switch is translated into quantitative changes in target gene expression. Yet these relatively small changes in expression and cell-cell signaling are sufficient to cause strong defects in neuronal number and fate. Current models suggest that proneural proteins specify differential neuronal cell fate through on/off target gene expression. While this is clearly correct for many target genes, we find that subtle and quantitative spatiotemporal regulation is critical for proper neurogenesis.
Our data indicate that the same site on different proneural proteins may be phosphorylated by different kinases. For example, PKA is a regulator of Hedgehog signaling in the context of both retinal development in flies (Li et al., 1995) and the generation of mammalian cerebellar neurons (Niewiadomski et al., 2013) , where Ato and Atoh1 are required, respectively. MARK1 is an autism candidate gene (Maussion et al., 2008) , while PLK1 has recently been implicated in early neurogenesis of the mammalian cortex (Sakai et al., 2012) . Therefore, the conserved proneural Ser/Thr residue is a potential target of phosphorylation by relevant context-specific kinases. One surprising finding is that, in vivo, change from Ser to Thr is not fully tolerated even though all known Ser kinases are also Thr Kinases. A potential explanation for this observation is the evidence that Ser/Thr kinases have a strong preference for Ser over Thr, while phosphatases appear to prefer Thr (Olsen et al., 2006; Pinna and Donella-Deana, 1994; Ubersax and Ferrell, 2007) . These biases would predict that a change from a normal Ser to a Thr would result in less efficient phosphorylation and/or more efficient de-phosphorylation. Where phosphorylation deactivates the protein, as in the case of Ato, this would result in a shift of the equilibrium toward the active pool of the protein. The evidence from the Ato ST-KI mutant is consistent with these predictions.
Overall, our data indicate that we have identified a general mechanism for linking quantitative temporal dynamics of proneural protein activity to neural formation and diversification. We propose a working hypothesis whereby the precise spatial and temporal control of neurogenesis is regulated, at least in part, by the equilibrium between active and inactive pools of proneural proteins as cells transition from pluripotent progenitors to committed neuronal precursors. This post-translational equilibrium dictates the level and temporal dynamics of proneural activity to ensure that the subsequent steps of neuronal differentiation occur robustly.
Finally, coupling time and amplitude in transcription factor expression dynamics is a general phenomenon, although how it is achieved mechanistically has been unclear. An elegant example of this is provided by the role of the Sequoia protein during visual system wiring in Drosophila (Petrovic and Hummel, 2008 ). Sequoia levels increase and then decrease in the R8, only to then follow the same dynamics in the R7. The precision of these temporal amplitude changes is crucial for proper axonal wiring. In yeast, the Msn2 transcription factor that regulates glucose responses shows different temporal dynamics depending on environmental conditions. Recent work suggests that both the amplitude and frequency of Msn2 expression bursts combine to transmit reliable environmental information to the yeast cell (Hansen and O'Shea, 2015) . Here, we provide direct evidence that amplitude and time are coupled through posttranslational modification of transcription factors and that this coupling is crucial for generating the correct number and diversity of cells. It would not surprise us if across phylogeny similar rules of protein activity control couple amplitude and duration in order to govern changes in cellular states.
EXPERIMENTAL PROCEDURES
Molecular Cloning, Fly Stocks, and Genetics See Supplemental Experimental Procedures.
Immunohistochemistry
Immunohistochemistry on third-instar larval imaginal discs was performed as described (Mardon et al., 1994) . Mouse embryos were fixed by perfusion with 4% paraformaldehyde. Immunofluorescence was performed on 100-mm sections. Primary antibodies were incubated overnight at 4 C and secondary during 2 hr at 15-25 C in PBS supplemented with 5% horse serum, 0.3%
Triton X-100. Nuclei were stained with bisbenzimide (Hoechst#33258, Sigma). Sections were mounted with glycergel (DAKO). See Supplemental Experimental Procedures for antibody details.
In Situ Hybridization
In situ hybridization on eye imaginal discs was performed using standard protocols (Cubas et al., 1991) .
In Vitro Kinase Assays
The peptide encompassing residues 286-300 of wild-type Ato or Ato SA was phosphorylated by 0.5 U of PKA (Sigma P2645) in 25 mM Tris/HCl (pH 7.5), 0.1 mM [g-32 P]ATP, and 2 mM magnesium acetate for 1 hr at 30 C. Reactions were stopped by transfer to P81 papers and washing with 75 mM orthophosphoric acid. Radioactivity was used as a measure of incorporated phosphate using a liquid scintillation counter. For the commercial kinase screen, see Supplemental Experimental Procedures.
Protein Immunoprecipitation
Ngn2 immunoprecipitation was performed as described (Tiberi et al., 2012) .5], 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 + protease and phosphatase inhibitors). Double-stranded DNA oligonucleotides were generated by synthesis of two biotinylated DNA oligos containing three times AtEAM sequence, mixing in a 1:1 ratio, denaturing for 5 min in boiling water and cooled over the course of 3 hr to room temperature, and finally diluting to a 10 mM stock. 20 pmol of oligonucleotides are conjugated to 15 ml agarose bead slurry for 30 min at 4 C and washed two times with lysis buffer before use. Each sample lysate is pre-cleared for 30 min with agarose beads and then incubated with 15 ml pre-conjugated agarose bead slurry for 2 hr at 4 C. Beads are washed three times with wash buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM MgCl 2 , 0.1% Triton X-100). Protein is eluted by adding NuPAGE LDS sample buffer (Invitrogen) to the beads and incubated in boiling water for 10 min.
GFP Immunoprecipitation
Daoy cells (ATCC) were transfected using Lipofectamine LTX and Plus reagent (Invitrogen) per manufacturer's instructions. For each sample (2.5 3 10 5 cells), 250 ng of Atoh1-GFP and E47-Flag constructs were transfected. 24 hr posttransfection, Daoy cells are lysed in mild lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) supplemented with protease and phosphatase inhibitors. Lysates are pre-cleared for 30 min with agarose beads then added to GFP Trap beads (Chromotek) for 2 hr. Beads are washed three times with wash buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM MgCl 2 , 0.1% Triton X-100). Protein is eluted by adding NuPAGE LDS sample buffer (Invitrogen) to the beads and incubated in boiling water for 10 min.
Structural Modeling
See Supplemental Experimental Procedures.
Mouse In Utero Electroporation and Statistical Analysis
All mouse experiments were performed with the approval of the Université Libre de Bruxelles Committee for animal welfare. Briefly, timed pregnant CD1 mice at E13.5 were anesthetized, and their uterus was exposed. A solution of pCIG, pCIG Ngn2-myc, pCIG Ngn2(TA)-myc, and pCIG Ngn2(TD)-myc (total concentration of 1 mg/ml) was injected into one lateral ventricle of in utero embryos and five to eight electric pulses at 30 V at E13.5, were delivered using forceps-type electrodes. Unless stated otherwise, data are presented as mean ± SD of at least three biologically independent in vivo experiments (three different litters), of four to six embryos. For quantification of cell numbers in vivo, at least 100 cells (for each embryo) were counted at similar rostrocaudal levels between animals. Whenever possible, quantifications were performed blind to condition, and no animals or data points were excluded during the analysis. One-sided Student's t test was used for calculating significance values. 
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